Abstract: Flow over two isothermal offset square cylinders in a confined channel is simulated for different Reynolds number to reveal the forced convection heat transfer from the heated square cylinders to the ambient fluid. The distance between the cylinder in normal direction as well as transverse direction are fixed as two-dimensional and the blockage ratio is fixed as 0.167. Heat transfer from the cylinders to the ambient fluid as well as conducted within solid wall through conjugate interface boundary investigated in connection with Reynolds number are reported for both steady and periodic flow. Simulation is carried out for Reynolds number varies from 10 to 1,000 for the fluid as air. The isotherm, streamline contours are reported for various Reynolds number. The stagnation zone results higher Nusselt number than remaining walls and rear wall results lowest Nusselt number. Asymmetry vortices are reported at higher Reynolds number. The downstream cylinder results higher Nusselt number than the upstream cylinder. This paper is a revised and expanded version of a paper entitled 'Three dimensional numerical investigation of forced convection heat transfer from offset square cylinders placed in a confined channel' presented at
Introduction
Flow over bluff body is received attention by many researchers for the past few decades because of its complex fluid dynamics and large industrial applications. Mostly in electronic cooling devise, cooling process, heat exchangers. Laminar flow over circular cylinder (Eaton, 1987) was investigated to understand the vortex shedding, drag and lift coefficient and shedding frequency. Similar study was carried out by Okajima (1982) for a square cylinder limited to laminar range. The influence of side walls were examined by Mukhopadhyay et al. (1992) . Sharma and Eswaran (2004) presented flow and forced convection heat transfer results from square cylinder for blockage ratio of 0.05 in a free stream. A closed form relation is arrived for Nusselt number as a function of Reynolds number. Sohankar and Etminan (2009) numerically investigated flow physics from tandem square cylinders in a free stream condition and they reported that onset of vortex shedding occurs at Re = 40. In all the cases, the recirculation length of the upstream cylinder is larger than the corresponding value for the downstream cylinder. This length increases to a local maximum and further decreases for the upstream cylinder, this trend which is common for single cylinder. Fluid presents between the two cylinders causes steep uplift in the local Nusselt number in the front face of the downstream cylinder at critical Re. Chatterjee and Mondal (2012) later confirmed these results and they revealed the influence of horizontal distance between these tandem cylinders. Recently the effect of spacing ratio between identical square cylinders placed in an unconfined environment reported by Chatterjee and Mondal (2012) . They found that the flow starts deviating from its symmetric nature when space between tandem cylinders is greater than 4d. Rosales et al. (2001) reported that when the Reynolds number increases, the flow shows an oscillatory nature at relatively lower spacing ratio. Also it is found that the average Nusselt number for the upstream cylinder approaches that of a single cylinder for spacing ratio beyond its critical value. One of the major findings from their study was the establishment of the critical spacing ratio for different Reynolds numbers above which vortices were seen to form in the gap between the cylinders. Below the critical spacing ratio, the flow within the gap may be either steady or unsteady oscillatory depending on the flow Reynolds number. Galletti et al. (2004) used proper orthogonal decomposition -Galerkin model was successfully tested for flow over confined square cylinder. The model was effective in capturing the short-and long-term dynamics for appreciable variations of the Reynolds number. Breuer et al. (2000) tested lattice-Boltzmann automata (LBA) and finite volume method (FVM) for flow over square cylinder in a confined environment for the blockage ratio of 0.125. Excellent agreement between the LBA and FVM computations was found. The critical Reynolds number for onset of vortex shedding is 60. Their predictions reveal that the flow separation from the leading edge at higher Reynolds number influences the frequency of vortex shedding. The effect of blockage ratio on the variation in Strouhal number with Re was numerically investigated by Mukhopadhyay et al. (1992) . Blockage ratio plays major role in the vortex shedding in cylinder placed in confined environment. With increasing blockage ratio the value of the Strouhal number increases. They documented that the Strouhal number undergoes a slight change with increasing Reynolds number. Dutta et al. (2008) performed measurements on a square cylinder to investigate the role of incidence angle and aspect ratio. The measurements reveal that the drag coefficient decreases with an increase in aspect ratio, while the Strouhal number is seen to increase with aspect ratio. A minimum in the time-averaged drag coefficient and maximum Strouhal number is seen at 22.5°. This is due to the result of shear layers of unequal lengths spread on each side of the cylinder. They found that the mid plane recovery is faster for the high aspect ratio cylinder. Numerical experiments were performed by Valencia and Paredes (2003) to understand the flow and heat transfer from square cylinder arranged side by side by varying Re and gap space in normal direction. The Reynolds number and space between square cylinders is varied for fixed blockage ratio equals to 0.125. Results presented for various Reynolds number for fixed gap value and various gap value for fixed Re. Steady flow was observed for larger gap value rather small gap for particular Re. Average Nusselt number declined for higher gap value. Numerical results show that for Re = 200, the flow is steady laminar with a recirculation zone attached to the rear side of the bars gap value 0.75d. Each cylinder shows different dominant frequency which appears for Re > 400 whereas for single cylinder corresponding Reynolds number is 60 (Breuer et al., 2000) for the same blockage ratio. Rosales et al. (2001) carried out numerical experiment by arranging inline and offset tandem cylinders of different size for fixed Reynolds number equals to 500. The results show that the drag coefficient, Strouhal number and cylinder Nusselt number decrease as the heated cylinder approaches the wall. The highest Strouhal number value is observed in the channel-centred, inline-eddy configuration. The presence of small cylinder in the upstream results reduction in the overall heat transfer and influencing the vortex shedding frequency. The bluff body study extended for diamond shaped baffles by Sripattanapipat and Promvonge (2009) . The study revealed that the reduction of the baffles angle leads to an increase in the Nusselt number and friction factor. The effects of blockage ratio on the combined free and forced convection from a long heated square obstacle confined in a horizontal channel are numerically investigated (Dhiman et al., 2012) . Flow symmetry is lost with the introduction of the cross buoyancy and as the value of the Richardson number gradually increases (i.e., Ri > 0). These effects are found to be more pronounced for the low value of the blockage ratio. It is found that the mean Nusselt number is less influenced by Reynolds number at different Richardson numbers and blockage ratios. Recently, Prasad and Dhiman (2014) numerically studied confined square cylinder arranged side by side by using commercial software for blockage ratio of 0.055. It is evident that when spacing ratio was increased the Strouhal number increases initially and further decreases when gap is enlarged between the cylinders. The onset of vortex shedding begins earlier to low gap space between the cylinder and it is postponed for higher value of Reynolds number. Beyond critical value of this gap each cylinder behaves independently. The maximum crowding of isotherms is found to be on the front surface, indicating the highest Nusselt number, as compared to other surfaces of the cylinders. Thiruvengadam et al. (2009) reported mixed convection heat transfer from sudden expansion considering three dimensional situation. They reported that by increasing aspect ratio would increase Nusselt number. Muralidhar et al. (2003) reported three dimensional laminar flow over square cylinder at moderate Reynolds number. Numerous studies were dedicated to document the effect of blockage ratio, effect of confinement, angle of incidence, arrangement of tandem square cylinders, forced and mixed convection heat transfer. From the open literature it is found that the study on offset arrangement of three dimensional square cylinder under heat transfer is very limited. The present study aims to investigate the forced convection heat transfer from two isothermal square cylinders placed in a channel offset to each other. The offset arrangement enhances convection heat transfer within the fluid.
Problem and numerical procedure
The present numerical solution is interested to find the heat transfer from two isothermal square cylinders placed in a channel offset to each other. The offset distance is set as 2d in streamwise and transverse direction. The schematic of the problem is shown in Figure 1 . The side walls are kept at adiabatic condition. The fluid inlet at uniform flow with 303K and cylinders are maintained at 373K. For various Reynolds number flow is simulated and results presented for mid plane velocity, temperature, local Nusselt number. The three dimensional geometry mesh is created by Gambit software further Fluent 6.2 is used to solve the governing equation. About 1,71,783 tetrahedran meshes are used for simulation and mesh near to cylinder is shown in Figure 1 (b). The SIMPLE algorithm is used for the pressure velocity coupling, and the momentum and energy equations are discretised with the second order upwind scheme in order to improve the accuracy of the simulations. To ensure the convergence, the residue from momentum should be less than 10 -6 and from energy 10 -10 is followed. At inlet air properties are set as [i.e., density (ρ) is 1.205 kg/m 3 , specific heat (Cp) is 1,005 J/kg K, dynamic viscosity (µ) is 1.81 × 10 -5 kg/ms, thermal conductivity (k) is 0.0259 W/mK]. For validation lid driven rectangular cavity flow solved for Reynolds number = 100 (Cheng and Hung, 2006) . The x, y velocities are compared in Figures 2(a) and 2(b), the similarity velocity profiles is obtained. 
Simulations are carried out for Re = 10, 20, 30, 40, 80, 100. Iso-surface contours for u velocity and temperature are shown in Figure 2 for y = 2d, 3d, 4d planes to exhibit the three dimensionality. u velocity contours and temperature contours from these planes are presented for Re = 20. The upstream fluid is deflected by the cylinder A and further it spread along the gap between cylinder A and B. Isotherm contours are thickened where u velocity contours are dominant. In addition, it is evident that the mid plane is relatively less influence by the top and side walls. The static pressure contour for various Reynolds number is shown in Figure 3 
Local Nusselt number from two cylinders along mid plane is shown in Figure 7 . It is observed that when Re is increased Nu is increased. However, each face encounter different flow results distinct response to the Reynolds number. From cylinder A font face which is stagnation zone shows higher Nusselt number than the remaining faces. Similar trend is observed for cylinder B also. Near cylinder corner due to steep velocity gradient for upstream fluid local Nu is higher in this region [Figures 7(b) , 7(d), 7(f) and 7(h)]. In addition, it is observed for cylinder A the bottom wall Nusselt number is greater than the top wall due to large fluid encounter the bottom surface. It is point to note that for single cylinder the top and bottom wall Nusselt number are identical (Sharma and Eswaran, 2004) to each other. The cylinder rear wall shows low Nusselt number than other wall due to the presence of vortex ]. For the same Reynolds number the cylinder B results higher Nusselt number than cylinder A. The higher heat transfer is observed at the cylinder B. It is due to the maximum contact between air and block at bottom of the cylinder and bubble formation at cylinder B. A test case was run to understand the heat transfer from the cylinder under turbulent situation. Figure 8 shows the numerical result by using k-ε turbulence model for Re = 1,000. From Figure 8 (a) it is observed that when Re is increased to 1,000 the recirculation vortex size is reduced the flow separation from side walls is decreased. Temperature values drastically decreased in the fluid region around both cylinder [Figure 8(b) ].
It is viewed that other than rear side remaining walls shows higher Nusselt number for higher Reynolds number. For the higher Re, the Nusselt number value is decreased at the front and rear of the cylinder A [Figures 8(c)-8(f) ]. It is noticed that the Nusselt number is decreased at top and rear of the cylinder B (Figures 8(g)-8(h) ]. The Nusselt number is increased at rear of the cylinder (cylinder A and B). It is due to the vortex domination occurs for higher Re. 
Conclusions
Three-dimensional numerical investigation is carried out for flow over two heated offset square cylinders placed in a confined channel. The hydrodynamic and heat transfer results are reported for 10 ≥ Re ≤ 1,000. Steady and periodic results reported for laminar range of Reynolds number. Asymmetry vortices are formed at the rear side of the cylinder. Isotherm contours are crowded at the front wall of the cylinders and they spread widen in the downstream. The local Nusselt number from top and bottom wall are not analogous to single cylinder undergoes heat transfer due to the asymmetry of fluid flow. Increment in Reynolds number results enhanced heat transfer. The offset cylinder results higher Nusselt number than the upstream cylinder. Stagnation face Nusselt number is greater than any other face similar to single cylinder in a channel.
